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INTRODUCTION 

Several proposals have been made f o r  the bioprocessing o f  coal  t o  produce usefu l  
l i q u i d  o r  gaseous chemicals. (1) They have inc luded d i r e c t  m i c r o b i a l  product ion o f  
methane, m i c r o b i a l  p roduc t ion  o f  chemicals from s o l u b i l i z e d  coal ,  ( 2 )  and a chemical 
g a s i f i c a t i o n  fo l lowed by a m i c r o b i a l  product syn thes is .  (3) New microorganisms, 
biochemical pathways and p o t e n t i a l  products are repor ted  a t  r e g u l a r  i n t e r v a l s .  I t  i s  
t i m e l y  t o  ask where a t t e n t i o n  should be focused and which products and processes, i f  
any, h o l d  promise o f  commercial success. 
i n v o l v i n g  quest ions o f  market s ize,  process ra tes ,  product separa t ion  costs,  e tc .  
An impor tan t  f a c t o r  i n  t h i s  o v e r a l l  equat ion i s  t h e  y i e l d  o f  the process, t h a t  i s  
the amount o f  product t h a t  can be obtained from u n i t  mass o f  coa l .  
t h i s  paper i s  t o  apply t h e  standard theory  o f  b ioprocess y i e l d s  t o  t h e  p a r t i c u l a r  
problem o f  p r e d i c t i n g  the  p o s s i b l e  y i e l d s  from coal  bioprocesses. 

The standard theory  (4,s)  i s  e s s e n t i a l l y  a set  o f  mass and energy balances app l ied  
t o  t h e  p a r t i c u l a r  c o n d i t i o n s  o f  a bioprocess. 
f a c t o r s  governing t h e  y i e l d  o f  a product, f i x e s  d e f i n i t e  upper l i m i t s  on t h e  y i e l d ,  
and thus a l lows a p r e l i m i n a r y  economic ana lys is  t h a t  w i l l  e l i m i n a t e  some products 
from cons idera t ion  and a l l o w  a more r a t i o n a l  choice between those t h a t  remain. The 
theory conta ins  l i t t l e  i n f o r m a t i o n  about metabol ic pathways o r  the i n t e r n a l  workings 
o f  microorganisms, and it can even be app l ied  t o  hypothe t ica l  bioprocesses f o r  which 
no microorganisms have y e t  been i s o l a t e d .  
r e a c t i o n  i n v o l v i n g  n a t u r a l l y - o c c u r r i n g  substances i s  s t o i c h i o m e t r i c a l l y  poss ib le  and 
thermodynamically advantageous i n  d i l u t e  aqueous s o l u t i o n  then t h e r e  e x i s t s  a 
microorganism somewhere t h a t  w i l l  c a t a l y z e  i t .  

THE MASS BALANCE 

The s imp les t  way t o  keep t r a c k  o f  the  subs t ra tes  and products i n  a f u e l  
b ioprocessing opera t ion  i s  t o  w r i t e  it as a pseudo chemical r e a c t i o n .  This r e a c t i o n  
i s  bes t  w r i t t e n  i n  terms o f  carbon equivalents,  t h a t  i s  the  amount o f  organic m a t t e r  
t h a t  con ta ins  1 mole o f  carbon. 
formulae because they are o f t e n  important i n  f u e l  b ioprocessing, and are s i g n i f i c a n t  
m i c r o b i a l  n u t r i e n t s .  

Coal N u t r i e n t  
CHaObNcSd + Y o  O2 t Yn NH3 + Y a  CHeOfNgSh (t other  n u t r i e n t s )  - - - >  

Th is  i s  a complex economic balance, 

The o b j e c t i v e  o f  

I t  prov ides  i n s i g h t  i n t o  t h e  main 

Experience seems t o  i n d i c a t e  t h a t  i f  a 

N i t rogen and s u l f u r  w i l l  be inc luded i n  t h e  

A u x i l i a r y  

\ 
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The Y values a r e  y i e l d s  expressed as carbon equivalents  o r  moles of a compound 
produced or consumed per carbon equivalent  of f u e l .  
basis requires  cor rec t ion  f o r  the  inorganic (ash) cons t i tuents  of the compound. 
example 

Converting these t o  a dry/mass 
For 

Yb M b  1 - rf 
Biomass y ie ld  from = - __ 

Fuel (wt/wt) Mf 1 - rb  

M,,is t h e  mass o f  a carbon equivalent  and r i s  the mass f rac t ion  of  mineral matter 
( ash") i n  t h e  dry compound (r-0.08 f o r  biomass). 

Note t h a t  reac t ion  (1) shows ammonia a s  a nu t r ien t  and water as a product. This i s  
not necessar i ly  so;  the metabolism of coal and the auxi l ia ry  n u t r i e n t s  may involve 
more hydrolysis  t h a n  dehydration s teps  and more deamination than amination. Water 
would then be a n u t r i e n t ,  ammonia a product and both Y, and Y,, a s  calculated here ,  
would be negat ive.  

I f  the possible  o ther  n u t r i e n t s  and products a r e  ignored, Equation (1)  contains 
e ight  unknown y i e l d s ,  and f i v e  element balances (C, H, N ,  0, S)  can be wri t ten f o r  
i t .  Using t h e s e  element balance equat ions t o  e l iminate  Y,, Y,, Y, and Y, gives t h e  
r e s u l t  

This equation i s  e s s e n t i a l l y  an oxidation/reduction balance over react ion ( 1 ) .  The 
7 coef f ic ien ts  represent  the  oxidation/reduction s t a t e  of a compound, s p e c i f i c a l l y  
the number of a v a i l a b l e  e lec t rons  per carbon equivalent  of each compound. T h u s  the  
d e f i n i t i o n  f o r  t h e  fue l  i s :  

7f = 4 t a - 2b - 3c + 6d ( 4 )  

Typical values of  y f o r  d i f f e r e n t  ranks o f  coa l ,  d i f f e r e n t  types of (dr ied)  biomass 
and several  chemicals t h a t  could be produced by bioprocessing a r e  shown in Table 1. 
Several points  should be noted from t h i s  tab le .  

F i r s t ,  t h i s  type  of ana lys i s  i s  useful only because the 7 values f o r  biomass a r e  
surpr i s ing ly  constant  between species .  This i s  confirmed by l a r g e r  compilations of 
data on the  elemental compositions of l i v i n g  mater ia l .  ( 6 )  The data  f o r  the  yeas t  
Candida u t i l i s  shows t h a t  the carbon source used t o  grow a microorganism a lso  makes 
l i t t l e  d i f f e r e n c e  t o  i t ' s  elemental composition. 
have a lower va lue  of  7 (mainly due t o  increased RNA production) but t h e  d i f fe rence  
is not of major s ign i f icance .  

Table 1 a lso  shows t h a t  the  7 values f o r  coal a r e  not only f a i r l y  cons is ten t  between 
ranks, but a l s o  very c l o s e  t o  the  values f o r  biomass. 
view o f  the  very d i f f e r e n t  elemental composition of the coal ,  y e t  i t  r e f l e c t s  the  
fac t  t h a t  coal i s  made from l i v i n g  matter. 
mainly of natural  react ions (dehydration, deamination) t h a t  do not a l t e r  the  
oxidation/reduction s t a t e  of t h e  s t a r t i n g  mater ia l .  

Most o f  the chemicals t h a t  we want t o  produce by l iquefac t ion  o r  gas i f ica t ion  of  
coal a r e  fuels  which a r e ,  by d e f i n i t i o n ,  reduced compounds such as  methane (7 = a) ,  
methanol (7 = 6 )  and o thers  shown i n  Table 1. The oxidation/reduction s t a t e  of the 
biomass (and c o a l )  i s  seen t o  be more comparable t o  t h a t  of carbohydrate (y = 4 ) .  

A rap id ly  growing microbe does 

This may seem surpr i s ing  in  

The c o a l i f i c a t i o n  process cons is t s  
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Among bulk chemicals that could be produced from coal only acetic acid has a 
comparable 7 value. 

THE GENERAL PRODUCT YIELD 

Equation (3) can easily be generalized for the common situation where several 
products are made. Each product adds an additional term to the left hand side of 
the equation. 
(e.g., phenyl-acetic acid in penicillin production) or less well defined compounds 
like yeast extract that provide a mixture of precursors for biomass growth. It is 
assumed that each additional nutrient is associated with the formation of a specific 
product, and that the ratio o f  nutrient consumed to product (or biomass) produced is 
a constant (e.g., for biomass Y,, = YJY,). 

The auxiliary nutrients may be specific product precursors 

Equation (3) becomes 

x YP(IP - Yayap) = If' 4Y0 
cells and 
products 

Note that, for the purposes of this yield analysis, biomass can be treated as just 
another product. In coal bioprocessing it is unlikely (on economic grounds) that 
chemical precursors would be added to direct the formation of specific products, so 
the biomass term will be the only one in the summation which involves an auxiliary 
nutrient. The effect of this nutrient is to reduce the amount of fuel required to 
make biomass, and thus to decrease the "cells" term in the summation. In the limit 
where the auxiliary nutrient (yeast extract ?) has the same composition as the 
biomass (7. = 7b) and provides all the precursors for cell growth (Yab = 1) the 
"cells" term !,s zero. 
"theoretical, 
0.01 $/lb it is unlikely to be a commercial strategy. 

The most obvious consequence of equation (5) is that the more oxygen is consumed by 
a process (higher Y ) the lower the total yield of products. 
most other, externagly supplied, terminal electron acceptors (NO,. , SO,,--) but not to 
CO , which can be reduced to CH,, a useful product, by methanogenic bacteria 
melabol izing hydrogen. 
similar to that used in anaerobic digestion would not only produce the highest 
yields, but also avoid the costs and problems'associated with aerating a coal 
slurry. (7) 

This situation produces the highest possible, or 
product yields but, since yeast extract costs 5 $/lb and coal 

The-same applies to 

A consortium of fermentative and methanogenic organisms 

THE SINGLE PRODUCT 

The above discussion outlines an optimum commercial process. 
anaerobic metabolism and make a single product, since the cost of separating 
multiple products can be prohibitive. The bioreactor would be continuous and 
contain a high concentration of biomass to offset the low specific rates of 
anaerobic metabolism. 
product yields and minimize the cost of providing auxiliary growth nutrients. The 
question is what product should be produced? 

The first constraint is that an anaerobic process cannot produce a single product 
that is more oxidized than the substrate. However the values in Table 1 show that 
most products of interest are fuels or chemicals with 7 > so this is not a 
serious restriction. The maximum possible, or "theoret!cal, yield of the product 
is Y '  = rf/7 (equation (5) with Y, = Yo = 0) so it makes sense to look for a 
produk withP7, only slightly larger than 7f.  Some potential candidates are listed 

It would be based on 

The biomass must be immobilized and slow-growing to maximize 
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i n  Table 2. They are a l l  known end-products o f  fe rmenta t ive  metabolism, although 
microorganisms capable o f  producing them from coal  have not necessar i l y  been 
i s o l a t e d .  A lso  shown i n  Table 2 are t h e i r  approximate cur ren t  p r i c e s .  
these p r i c e s  by t h e  t h e o r e t i c a l  y i e l d s  g i v e s  the  maximum poss ib le  f i n a n c i a l  r e t u r n  
per  pound o f  c o a l  processed. 
coal (approx imate ly  1 c / l b )  t o  make a f e a s i b l e  process. On t h i s  bas is  ethanol and 
p r o p i o n i c  a c i d  appear very  promising and methane l e s s  so. 
fo rgo t ten  t h a t  t h e  manufacture o f  methane, a gas, does not i n v o l v e  the  considerable 
costs invo lved i n  separa t ing  t h e  o t h e r  two products f rom the  fe rmenta t ion  media. 

TWO PRODUCTS 

Most f e r m e n t a t i v e  metabo l ic  pathways produce n o t  a s i n g l e  product b u t  a mixture o f  
two o r  more. ( 5 )  For two products, t h e  " t h e o r e t i c a l  y i e l d "  s i t u a t i o n  (equation ( 5 )  
w i t h  Yo = Y = 0) must be represented n o t  by a s i n g l e  value but by a graph such as 
Figure 1 ( f o r  CH, and H, over t h e  e n t i r e  range o f  y; values f o r  c o a l )  o r  Figure 2 
( f o r  e thano l  and a c e t i c  a c i d  from a coa l  w i t h  7f - 4 . 5 ) .  These graphs are useful  i n  
several ways. They show c l e a r l y  what combinations o f  y i e l d s  are f e a s i b l e  (anything 
below t h e  c o n s t a n t  yf l i n e )  and what a re  r u l e d  o u t  by s to ich iomet ry  (anything above 
the  l i n e ) .  They t h e r e f o r e  prov ide  a use fu l  check on experimental data.  For example 
the  y i e l d s  o f  methane and hydrogen from a Texas l i g n i t e  (7 - 4.52)  repor ted  by 
B a r i k  e t  a1 ( 2 )  are  shown i n  F igure  1. 
region, and it i s  immediately apparent from the graph how much the  y i e l d s  could be 
improved e i t h e r  by improving t h e  m i c r o b i a l  c u j t u r e  o r  by using a more reduced 
l i g n i t e .  
claimed i n  the same r e p o r t  would be ou ts ide  the f e a s i b l e  region, suggesting perhaps 
t h a t  some methane was generated from t h e  a u x i l i a r y  n u t r i e n t .  

The " f e a s i b l e "  r e g i o n  on these graphs may be f u r t h e r  cons t ra ined by biochemical 
hypotheses. F o r  example there  i s  no known mechanism by which non-photosynthet ic 
anaerobic b a c t e r i a  can produce molecular hydrogen from water. The dashed l i n e  i n  
Figure 1 shows t h e  maximum y i e l d  o f  H, t h a t  cou ld  be produced from the hydrogen i n  
the  l i g n i t e  (CH,., No.,,, Oo-20) and the data i s  seen t o  f a l l  w i t h i n  t h i s  more 
cons t ra ined area. 

When t h e r e  are two products one o f  them can be more o x i d i z e d  than the  coal  wi thout 
v i o l a t i n g  the  requirements o f  s to ich iomet ry .  Th is  s i t u a t i o n  i s  i l l u s t r a t e d  f o r  
a c e t i c  a c i d  (T,, = 4)  and ethanol  (7 
Figure 2 .  It c r e a t e s  t h e  p o s s i b i l i 6  i f  a t r u l y  opt imal s i t u a t i o n  i n  which a l l  the 
coal carbon i s  converted i n t o  products, with no ne t  p roduc t ion  o f  CO,. Th is  happens 
along t h e  s e c t i o n  o f  t h e  ( Y  
Compare t h i s  wi th  t h e  metha%/hy82rogen s i t u a t i o n  (F igure  1) where 0.55 2 YM 2 0, 
imp ly ing  t h a t  anywhere from 45% t o  100% o f  the  coal  carbon must be converted t o  CO,. 

I n  the  area  above t h e  ( Y  + Y ) - 1 l i n e  i n s i d e  the  f e a s i b l e  r e g i o n  i n  Figure 2 ,  
carbon d i o x i d e  i s  n o t  a r roducq b i t  a reac tan t .  This may seem u n l i k e l y ,  b u t  i s  not 
excluded e i t h e r  by s to ich iomet ry  o r  by the  energy balance which w i l l  be shown i n  the 
next sec t ion ,  t o  a f i r s t  approximation, t o  be i d e n t i c a l  t o  the mass balance (g rea ter  
p r e c i s i o n  r e q u i r e s  knowledge o f  the f r e e  energy o f  fo rmat ion  o f  the  c o a l ' s  organic 
m a t t e r ) .  Furthermore, i f  the  reduced product i s  methane, there  i s  no biochemical 
b a r r i e r  t o  a n e t  f i x a t i o n  o f  CO . Besides t h e  methanogenic b a c t e r i a  t h a t  produce 
methane from CO, and hydrogen, there are several examples o f  exergonic carboxy la t ion  
r e a c t i o n s  c a t a l y z e d  by t h e  acetogenic bac ter ia .  
d i g e s t i o n  of g lucose t o  methane i s  the  carboxy la t ion  o f  b u t y r a t e  (8) 

M u l t i p l y i n g  

This must be cons iderab ly  l a r g e r  than the  p r i c e  o f  

However i t  must not be 

They f a l l  comfortably w i t h i n  the  f e a s i b l e  

Note however t h a t  a y i e l d  o f  511 cm CH, per  gram o f  coal  ( Y a  = 0.73) 

6 )  from a t y p i c a l  coal  (yf = 4 . 5 )  i n  

+ Y ) = 1 l i n e  t h a t  i s  i n  the  f e a s i b l e  reg ion .  

For example one step i n  t h e  

2C3H7COO- + OH- + HC03- - - - - -  > 4CH3COO' t CH4 AGr = -12 .5  kca l  
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Long cha in  organic ac ids  a re  known t o  be a major component o f  s o l u b i l i z e d  coal ,  and 
i t  i s  conceivable t h a t  a c a r e f u l l y  c o n t r o l l e d  coal  bioprocess cont inuous ly  provided 
w i t h  CO cou ld  r e s u l t  i n  a s e r i e s  o f  such r e a c t i o n s  w i t h  a n e t  f i x a t i o n  o f  carbon 
and p r o h c t i o n  o f  ace ta te  and methane w i t h  a t o t a l  carbon y i e l d  g rea ter  than u n i t y .  

THE ENERGY BALANCE 

The o t h e r  main c o n s t r a i n t  on t h e  fo rmat ion  o f  products i s  t h a t  they  do n o t  v i o l a t e  
the  conserva t ion  o f  energy. The energy balance f o r  a bioprocess can be w r i t t e n  i n  
several  d i f f e r e n t  ways. For example an energy balance over the e n t i r e  process can 
be w r i t t e n  i n  terms o f  the  heats o f  combustion (AH = heat o f  combustion p e r  C 
equ iva len t  o f  t h e  subs t ra tes  and products).  

C Y (AH + Yap AH,) - AHf - Q 
P P  

c e l l s  and 
products 

(7)  

Here Q i s  t h e  heat generated p e r  C- equ iva len t  o f  f u e l  consumed. 
observa t ion  t h a t  t h e  heat o f  combustion o f  a compound i s  approximately p r o p o r t i o n a l  
t o  i t s  degree o f  reduc t ion ;  i.e., AH = K-f. S u b s t i t u t i n g  t h i s  i n t o  equat ion (7 )  and 
s u b t r a c t i n g  equat ion (5) g ives  a standard r e s u l t  f o r  metabol ic heat product ion.  

Q = 4KY0 ( 8 )  

Note t h a t  f o r  a fe rmenta t ive  process (Yo = 0) the  approximation AH = K7 makes 
equat ions (5 )  and (7) i d e n t i c a l ,  and thus the  energy balance would produce no e x t r a  
in fo rmat ion .  The i m p l i c a t i o n  t h a t  no metabol ic heat would be generated (Q = 0)  i n  
t h i s  case i s  n o t  c o r r e c t  b u t  r e s u l t s  f rom inexac t i tudes  i n  the  assumption t h a t  
AH = K-f (K i s  i n  t h e  range 26-31 kcal/mol e l e c t r o n s  depending on the  compound). 
Heat i s  generated d u r i n g  fe rmenta t ive  processes, al though f a r  l e s s  than i n  aerobic 
processes. 

An a l t e r n a t i v e  way o f  w r i t i n g  t h e  conservat ion o f  energy f o r  a bioprocess i s  t o  
balance the  produc t ion  and consumption o f  ATP, the  c e l l ' s  main energy c a r r i e r ,  
i n s i d e  the  c e l l .  The general equat ion i s  (4) 

It i s  a common 

B apYp = af - m (9) 
c e l l s  and 
products 

a = N + yr(P/0)/2 i s  t h e  amount o f  ATP t h a t  would be generated by s u b s t r a t e - l e v e l  
( 1 s t  term) and o x i d a t i v e  (2nd term) phophoylat ion dur ing  the  complete catabol ism o f  
one C-equivalent o f  f u e l .  

a = ( l /YATp)  t (N - N )/Ye + (7 - 7.Y )(P/0)/2 i s  the t o t a l  ATP cos t  t o  the  c e l l  o f  
&king one C - e q u i v a l e h  o f  pro8uct.  %e f i r s t  term g ives  the  ac tua l  consumption o f  
ATP i n  t h e  anabo l ic  pathways. This extension o f  t h e  YATp concept f rom biomass t o  
any product has been discussed by Andrews. (4 )  For a c a t a b o l i c  product Y,, i s  
i n f i n i t e  by d e f i n i t i o n .  
power ( i n  t h e  form o f  NADH e tc . )  t h a t  the  c e l l  can no t  produce due t o  the  d i v e r s i o n  
o f  in te rmed ia tes  from t h e  c a t a b o l i c  pathway t o  t h e  anabol ic r e a c t i o n s  t h a t  form the  
product.  The c o n t r i b u t i o n  o f  s u b s t r a t e - l e v e l  phosphorylat ion (second term) i s  
u s u a l l y  small enough t o  be ignored i n  r e s p i r a t o r y  processes. 

The second and t h i r d  terms account f o r  t h e  ATP anJ reducing 

Adding an a u x i l i a r y  
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nut r ien t  t h a t  provides b e t t e r  precursors reduces the  oxidat ive phosphorylation 
contr ibut ion ( t h i r d  term) by reducing the amount of ca tabol ic  intermediates  t h a t  
must be d iver ted  t o  product formation. 
precursors  and e lec t rons  needed f o r  product formation (or  growth in  the  case o f  
biomass) then t h i s  term i s  zero. 
the value of Y,,,. In the  case of biomass growth f o r  example, i t  i s  obviously 
eas ie r  ( l e s s  energy consuming) f o r  the c e l l  t o  make new biomass from preformed 
nucleot ides  and amino-acids than i f  i t  must synthesize these compounds from 
intermediates i n  t h e  ca tabol ic  pathway. (9)  

Equation (9 )  i s  general and i t  can usual ly  be g r e a t l y  s implif ied,  f o r  example i n  
aerobic processes  (substrate- leve!  Ehosphorylation neg! i g i b l e ) ,  fermentative 
processes (P/O = 0) or  i n  cases where no metabolic products are produced. I t  c a n  be 
very useful f o r  processes involving wel l -s tudied metabolic pathways giving,  f o r  
example, q u i t e  accurate  predict ions for  aerobic  c e l l  y ie ld  on carbohydrates (yt - 4 )  
using t h e  Embden-Meyerhof pathway (N = 1/3), t h e  common cytochrome chain (P/O - 2 . 5 )  
and the usuzl es t imate  of YA,, - 10 gm/mol. Unfortunately, in coal bioprocessing 
ne i ther  t h e  s u b s t r a t e  o r  the  metabolic pathways leading t o  the products of i n t e r e s t  
are  well charac te r ized .  Values of the energy parameters N ,  (P/O) e t c .  a re  not 
known, so appl ica t ion  of equation (9)  would be premature. Research in  t h i s  
d i rec t ion  should be encouraged. 

CONCLUSIONS 

The amounts and types of products t h a t  can be produced by any type of coal 
bioprocessing a r e  constrained by t h e  requirements of stoichiometry and energy 
conservation. 
carbon equiva len t  in the organic f rac t ion  of t h e  coal .  This value shows no 
systematic  var ia t ion  with coal rank, b u t  i s  always c lose  t o  the value f o r  
carbohydrate and biomass (7 - 4 ) .  
implies t h a t ,  i n  t h i s  respect  a t  l e a s t ,  coal i s  a reasonable s u b s t r a t e  f o r  
biological  a c t i v i t y .  

Anaerobic ( fermentat ive)  processes will give higher product y ie lds  than processes 
based on r e s p i r a t o r y  metabolic pathways where an external e lectron acceptor i s  
provided. 
as  the  e lec t ron  acceptor ,  being reduced t o  CH,. 
products from c o a l ,  i t  may be possible  t o  use these organisms t o  " f i x "  ex terna l ly  
supplied COK, For fermentative metabolism, the  maximum " t h e o r e t i c a l "  y i e l d s  of 
various corn ina t ions  of products can be calculated d i r e c t l y  from t h e  mass balances. 
These provide an exce l len t  yardst ick with which t o  judge experimental data .  

In order  t o  obta in  useful ex t ra  information from the energy balance equation several 
metabolic parameters, including the production of ATP by subs t ra te - leve l  and 
oxidat ive phosphorylation, must be known. 
bioprocessing organisms. 

When t h e  auxi l ia ry  nut r ien t  provides a l l  the 

Note t h a t  the auxi l ia ry  nut r ien t  may a l s o  increase 

The c r i t i c a l  parameter i s  the  number of ava i lab le  e lec t rons  per 

This r e f l e c t s  i t ' s  or ig in  as  l i v i n g  matter and 

The only possible  exception i s  methanogenic metabolism i n  which CO, acts  
With c e r t a i n  combinations of 

This requires  f u r t h e r  study of coal 

ACKNOWLEDGMENTS 

T h i s  work was supported under Contract No. DE-AC07-761001570 from t h e  U.S. 
Department of Energy, Off ice  o f  Advanced Research and Technology Development, Off ice  
of Fossil Energy t o  the  Idaho National Engineering Laboratory/EG&G Idaho, Inc. 

NOMENCLATURE 

AH 

M 

Heat of combustion per C-equivalent 

Weight of a C equivalent 
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I, 



m 

N 

(P/O) 

9 
r 

Y 

Q 

7 

Subscr ip ts  

a 

b 

f 

0 

P 

Maintenance requirement f o r  ATP 

Moles ATP produced by subst rate l e v e l  phosphonyler t ion per  C-equiva lent  
o f  compound 

Oxidat ive phosphoryl a t  i on r a t i o  

Metabol ic  heat re lease per  C-equivalent o f  f u e l  

Mass f r a c t i o n  o f  minera l  mat ter  

Y ie ld ;  moles o f  C-equiv o f  compound per  C equ iva len t  o f  f u e l  

To ta l  moles ATP invo lved  i n  breakdown o r  product ion o f  a C-equiva lent  o f  
compound 

Ava i l ab le  e lec t rons  per  C-equivalent o f  compound 

A u x i l i a r y  n u t r i e n t  

Biomass 

Fuel 

Oxygen 

Product 
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TABLE 1. VALUES OF THE y PARAMETER 

Substance Comoosition of  Orqanic F rac t i on  2 

Coals (TvDical  1 
Anth rac i te  CH0.5 '0.03 N0.02 '0.01 4.44 

Bituminous CH0.7 '0.06 N0.02 '0.01 4.58 

Sub-bi tumi nous CH0.8 '0.15 N0.02 '0.01 4.50 

L i g n i t e  CH0.8 '0.22 N0.02 '0.01 4.36 

Biomass (Dr ied1  

Yeast (C u t i l i s )  

Glucose p = 0.08 h r - *  CH1.82 Oo.47 4.32 

P = 0.45 hr - '  CH1.84 00.56 N0.20 4.12 

Ethanol p = 0.06 hr - '  CH1.82.00.46 4.33 

P = 0.43 h r - l  CH1.84 00.55 N0.20 4.13 

Bac te r ia  (A aerogenes) Oo.33 4.40 

Possib le  Products 

Ac t i va ted  sludge 

Carbohydrate CH20 

Ace t i c  a c i d  CH20 

Ethanol 

Octane 

Methane 

CH1.4 '0.4 0.2 

CH300. 5 

CH2. 25 

CH4 

3.99 

4.0 

4.0 

6.0 

6.25 

8.0 
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TABLE 2 .  POSSIBLE PRODUCTS FROM SUB-BITUMINOUS COAL 

7P ''p P r i c e  Possible Return 
Product Electrons/Eauiv Eauiv/Eauiv c/lb c / l b  coal 

Propionic a c i d  4 .67  0.96 34 . 43 

Butanedi 01 5 . 5  0.82 16 16 

Ethanol 6 . 0  0.75 30 28 

Methane 8.0 0.56 7 . 3  3 . 5  
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FIG 1 ; THEORETICAL YIELDS OF METHANE AND HYDROGEN 
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FIG 2 : THEORETICAL YIELDS OF ETHANOL AND ACAETIC ACID FROM A TYPICAL 
COAL ( 'rlf = 4 . 5 1  - 
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